ABSTRACT Transmitting multiple independent data streams through the same medium can increase the capacity of line-of-sight-based wireless communication systems. One of the promising approaches is to utilize spatial multiplexing with multiple spatially separated transmission/reception pairs, for which inter-channel interference can be declined by employing multiple-input multiple-output (MIMO) signal processing at the receiving ends. The other approach is to use orbital angular momentum (OAM) multiplexing transmitting multiple data streams, which makes use of the orthogonality among OAM beams to reduce interchannel interference and enable efficient demultiplexing. However, due to the practical limitations, the two methods are hard to maximize their advantages independently. In order to utilize the two merits, this paper proposes an OAM-MIMO communication scheme to employ the potential of both multiplexing methods. Based on the system, we implement the measurement of inter-channel interference and then utilize the optimal modes selection strategy and constant modulus algorithm MIMO equalization to further improve the system performance. Our work indicates that the combination of these two interference mitigation methods can guarantee the communication quality when pursuing high-speed communications. Simulation results are given to corroborate the proposed scheme.
I. INTRODUCTION
To meet the explosive growth of wireless traffic demands, line-of-sight (LOS) based communication with fixed transceiver equipments gradually shows its huge potential advantage in many applications [1] - [4] . Multiplexing multiple data streams in a LOS communication system can significantly increase data capacity and spectrum efficiency [5] . An important approach is to utilize spatial multiplexing with multiple fixed transmission/reception antennas. Combined with multiple-input multiple-output (MIMO) signal processing, this can provide capacity gains compared with single antenna system [6] , [7] .
Recently, a set of orthogonal electromagnetic waves has become another potential approach to simultaneously transmit multiple data streams [8] - [10] . In such systems, multiple orthogonal waves are transmitted in the same coaxial direction and each electromagnetic wave carries an independent data stream. In the ideal case, the greater the number of multiplexed electromagnetic waves, the greater the channel capacity and spectral efficiency. Orbital angular momentum (OAM), as an orthogonal characteristic of electromagnetic waves, has aroused great interest by researchers [11] - [15] . An electromagnetic wave with a helical transverse phase characterized by exp(−ilφ) carries an OAM related to l, where l is an unbounded integer and φ is the transverse azimuthal angle [16] . Moreover, OAM beams with different OAM modes are orthogonal to each other [17] for which a set of OAM beams with different modes can be multiplexed to transmit multiple data streams together along the direction of the same beam axis. According to [18] , a spectral efficiency of 25.6 bit/s/Hz was implemented by polarization-multiplexed multiple OAM optical communication systems when modulating 16-quadrature-amplitude modulation signals over four OAM modes. The experiment in [19] realizes a 32 Gbit/s millimeter-wave data link using OAM multiplexing combined with polarization multiplexing over a single aperture pair.
Because of the orthogonality of OAM beams bringing to channel interference elimination and convenience for signal recovery, the researches arise great interest on OAM signal processing. Compared with MIMO system, OAM multiplexing system avoids the complicated MIMO-based signal processing, especially at high data rates [20] , [21] . However, the propagation of OAM beam requires high quality. The misalignment of transceiver equipments [22] and the poor propagation environment may cause mode migration, i.e. falling into the superposition of multiple modes from a single mode, thus causing inter-channel interference. Besides, due to the spatial distribution of OAM beams, the larger the mode value l, the more scattered the intensity distribution [23] , which makes it hard to detect high-order OAM modes. Therefore, the number of available OAM modes is usually limited to a certain set in practice, and the OAM beams with highorder mode are rarely used. So it is difficult to maximize the number of available channels by exploiting only one physical resource. There might exist the possibility of partially making use of the advantages of each multiplexing technique and utilizing both technologies to improve system performance [24] . The experimental results in [25] express that the capacity of a pure 4 × 4 MIMO system can be outperformed by a 2 × 2 OAM-MIMO system at a short link distance. Sreedevi and Rao [30] propose a new OAM spatial modulation millimeter wave communication system which can achieve significant performance gains over the conventional MIMO communication systems. Therefore, if each transceiver pair in spatial multiplexing systems multiplexes multiple different OAM beams, the total number of available channels will significantly increase and the spectrum efficiency will also improve.
Nevertheless, there is still some interference between channels when combining these two multiplexing approaches. If multiple OAM modes are multiplexed in the same link, the imperfect generation of OAM beam and the misalignment between transmitting and receiving device [27] , [28] become the main sources of interference. While OAM multiplexing and spatial multiplexing are combined together, the source of inter-channel interference is significantly different from the pure OAM multiplexing system, which mainly comes from the other transmitters. Few researches have focused on this, and most of them can only confirm the existence of such interference through experiments [25] , [29] . So it is necessary to measure the interference when combining these two multiplexing approaches. In this paper, we first construct an OAM-MIMO communication system, and then measure the inter-channel interference of this system.
In addition, the experiments in [25] show that MIMO-based signal processing can be used at the receivers of OAM-MIMO communication system to mitigate channel interference. Assuming that the interference distribution at receivers has been measured, the MIMO blind equalization algorithm can be utilized to enhance the bit error rate (BER) performance of the proposed OAM-MIMO communication system [31] . Moreover, OAM channel coding has become another potential way to eliminate inter-channel interference, such as low-density parity check (LDPC) precoded OAM modulation scheme [32] and Reed-Solomon (RS) coded interference mitigation scheme [33] . However, all these studies ignore the important property that the larger the difference between two modes, the smaller the possibility of mode migration between them [22] caused by inter-channel interference. By reasonably assigning the transmission modes in the OAM-MIMO system, the inter-channel interference can be eliminated to a certain extent at the transmitters. In this paper, we propose an optimal modes selection strategy, and prove that this strategy can be combined with MIMO blind equalization technology to further improve the performance of the OAM-MIMO communication system. The remainder of this paper is outlined as follows. Section II describes the OAM-MIMO communication system. The measurement of inter-channel interference of this system is analyzed in Section III. Section IV introduces the inter-channel interference mitigation scheme based on optimal modes selection strategy and CMA-MIMO equalization. The simulation results are given in Section V. Conclusion is drawn in Section VI.
II. SYSTEM MODEL
The system model of LOS OAM-MIMO communications is illustrated in Fig. 1 , where transmission/reception aperture pairs are arranged in a uniform linear structure for transmitting several OAM beams. And the distance between two adjacent transmitters or receivers is d, a constant in this communication system. Each of the transmission aperture T x i (i = 1, 2, ...N ) multiplexes M OAM beams with different OAM modes (l i1 , l i2 , ..., l iM ). At the receiving ends, N reception apertures Rx i (i = 1, 2, ...N ) are utilized to capture the OAM beams from the N transmission apertures. Therefore, there is a number of NM data streams in this OAM-MIMO communication system.
The intensity of the OAM beam is mainly located in the ring region centered on the beam axis, and the radius of the ring increases with the increasing transmission distance [17] , [30] . Considering this spatial propagation characteristic of OAM beams, one receiver may receive OAM beams from the other transmitters. As previously described,
, M ). Besides, the mode values of the other transceiver pairs
According to [15] , when receiving the partial OAM beam of mode l jm from transmitter T x j (j = i), it can be seen equivalently as an incomplete reception due to the lateral displacement between Rx i and T x j , which will induce the migration of mode l jm and result in interference at the Rx i . Based on this principle, the received signal vector of Rx i can be expressed byŝ
denotes the received signal of mode l im at the i−th receiving aperture.
T is the transmission signal vector of T x j , and z i represents the AWGN (Additional White Gaussian Noise) vector. Theoretically, the OAM beams of different mode values are orthogonal to each other, so the transmission matrix between T x i and Rx i , i.e. h ii , is a diagonal matrix. Moreover, due to the lateral displacement between Rx i and T x j (i = j), the non-diagonal elements of matrix h ij (i = j) are not zero. To sum up, the channel transfer matrix H can be expressed as
from which the inter-channel interference of the whole OAM-MIMO communications system caused by lateral displacement can be estimated. Based on (2), the transfer of the whole communications system can be written in the form of a matrix,Ŝ
The CMA-MIMO equalizers are placed at the end of the entire communication system and utilized to correct the received signals in each data link.
III. INTER-CHANNEL INTERFERENCE MEASUREMENT
As mentioned in Section I, the interference between different OAM-MIMO channels mainly comes from the migration of OAM modes caused by the combined effects of tilt and lateral displacement equivalently. The interference of one receiver can be seen as the accumulation of interference from all the other transmitters. So we can establish a three-dimensional coordinate system with only two transceiver pairs to measure the inter-channel interference [22] . In Fig. 2 , there are two transceiver pairs, T x 1 Rx 1 and T x 2 Rx 2 . T x 1 Rx 1 multiplexes mode l 2 along the Z -axis and T x 2 Rx 2 multiplexes mode l 1 along the dashed line PR. Point P(r 0 , θ 0 ) locates in X − Y plane and dashed line P − Q denotes the projection of P − R on X − Y plane. Besides, β is the angle between P − Q and P − P which is parallel to X axis. When Rx 1 receives partial OAM beam from T x 2 , it will definitely cause interference because the incomplete receiving OAM beam of mode l 1 may partially migrate to mode l 2 . So it is crucial to measure the inter-channel interference by scaling these two types of displacement. r 0 and θ 0 describe the lateral displacement, α and β describe the tilt displacement in Fig. 2 . An analytical expression which indicates the relation between inter-channel interference and displacement has been given as follows
where γ = θ 0 − β, u 0 = 2r 0 w 0 . w 0 is the waist of the OAM beam and k = 2π λ is the wave number with λ being the wavelength. I |l 1 −l 2 | () is the |l 1 − l 2 |th-order modified Bessel function of the first kind. Equation (4) represents the power percentage of the OAM beam with mode l 1 migrating to l 2 at Rx 1 . When only one type of displacement exists, equation (4) can also be expressed as
where ζ = for the tilt displacement-only case. Since all the transmission/reception pairs of the OAM-MIMO communication system are arranged in a two uniform parallel linear structure and the way of propagation is LOS, there is only the lateral displacement in our proposed communication system, i.e. ζ = . Equation (5) can be normalized for
. Thus, the corresponding power distribution of different modes after inter-channel interference happening can be determined when l 1 and the lateral displacement have been know. Here, the lateral displacement r 0 denotes the distance between two adjacent transmitting or receiving apertures in the proposed OAM-MIMO communication system, i.e. d = r 0 .
As shown in Fig. 3 , it is very clear that the power percentage decreases as the absolute value of x increases. Besides, Fig. 3 
IV. INTER-CHANNEL INTERFERENCE MITIGATION SCHEME FOR THE OAM-MIMO COMMUNICATION SYSTEM
The proposed OAM-MIMO communication system is an ingenious combination of OAM multiplexing and spatial multiplexing. As mentioned before, although OAM beams of different modes are orthogonal to each other, the mode VOLUME 6, 2018 migration caused by incomplete reception of OAM beams from the other transmitters will also induce inter-channel interference. In this section, we propose an interference mitigation scheme for the OAM-MIMO communication system which combines an optimal transmission modes selection strategy and CMA-MIMO blind equalization technology. And these two interference mitigation methods are presented in detail as follows.
A. OPTIMAL TRANSMISSION MODES SELECTION STRATEGY IN THE PROPOSED SCHEME Equation (2) represents the channel transmission response matrix, where the non-diagonal elements are not zero due to mode migration at the receivers, thus becoming the main source of inter-channel interference except for the AWGN. To facilitate the elaboration of the optimal mode selection strategy, we let N = M = 2, i.e there are two transmission/reception pairs (T x 1 Rx 1 , T x 2 Rx 2 ) and each pair multiplexing two OAM beams (l 11 , l 12 and l 21 , l 22 ). Under this premise, the channel transfer matrix of the system can be written as 
where
and i, j, m, n ∈ {1, 2}. B represents the gain of the transmitting antenna, d TR represents the distance between T x 1 and Rx 1 . λ is the wavelength and k = 2π λ is the wave number.
and d is the distance of adjacent transmitters or receivers. In addition,
), where w 0 denotes the waist of the OAM beam. By substituting (7) into (6), equation (6) can be reduced to
where A is a constant which satisfies A =
and
Due to the rapid power decay and spatial distribution characteristic of OAM beams, we assume that the maximum OAM mode to be selected is L. It's worth noting that the nondiagonal elements of H 4×4 should be as small as possible to make the BER of receivers as small as possible, and the value of non-diagonal elements in the matrix is directly related to the modes selection of transmitters. Moreover, H 4×4 is a diagonal matrix, so the optimal mode selection strategy is to make the non-diagonal elements in the upper righthand of H 4×4 as small as possible. As depicted in Fig. 3 , the greater the difference between two OAM modes, the lower the probability of mode migration between them due to lateral displacement. In short, the value of
is inversely proportional to l im − l jn .
Suppose the set of available modes is = {1, 2, ..., L − 1, L}, where L satisfies L ≥ 4. The optimal mode selection strategy is to select the first and last two modes of , i.e., transceiver pair T x 1 Rx 1 utilizes mode 1 and 2 while T x 2 Rx 2 utilizes mode L − 1 and L. For the case where N , M > 2, we first divide the ordered set of available modes into N mode subsets, then select the smallest M modes from the first subset and the largest M modes from the last subset. Finally, the M modes with middle size are selected from the other subsets. For example, when N = M = 3 and = {1, 2, ..., 14, 15}, can be equally divided into 3 mode subsets {1, 2, 3, 4, 5}, {6, 7, 8, 9, 10} and {11, 12, 13, 14, 15}. For these three transceiver pairs, the corresponding OAM beams in {1, 2, 3}, {7, 8, 9} and {13, 14, 15} are utilized for data transmission.
B. CMA-MIMO BLIND EQUALIZATION IN THE PROPOSED SCHEME
Since the inter-channel interference at the receivers has been measured in Section III, MIMO blind equalization can be utilized to mitigate the inter-channel interference to improve the performance of each channel. CMA-MIMO equalization as a blind equalization technology has characteristics of low computational complexity and fast convergence speed, which meets the requirement of high rate transmission of the proposed communication system.
The principle of CMA-MIMO equalization is shown in Fig. 4 . Each input signal vector of this module is denoted bŷ s i (n) = (ŝ i1 (n),ŝ i2 (n), ...,ŝ iM (n)) T (i = 1, 2, ...N ), which also represents the output signal vector of OAM mode converters. CMA-MIMO adaptive equalization utilizes a linear equalizer for each channel. In the proposed OAM-MIMO communication system, there are a number of NM data streams, so the whole equalization module includes NM × NM adaptive finite-impulse-response (FIR) filters with a tap number of K . It is an obvious truth that the FIR filters can help reduce the inter-channel interference. The output signal vector of Rx i can be denoted by y i (n) = (y i1 (n), y i2 (n), ..., y iM (n)) T , y im (n)(m = 1, 2, ..., M ) can be expressed as
where w k jc,im (n)(i = 1, 2, ...N ,m = 1, 2, ..., M ) is the k-th tap coefficient of each FIR filter.ŝ jc (n − k) represents the receiving signal carried by the OAM beam with mode l jc (j = 1, 2, ...N ;c = 1, 2, ..., M ) from T x j at the (n − k)-th moment. Only w 0 jc,im (n) are initialized as 1 and the other coefficients are initialized as 0. Then, all the coefficients are updated until the coefficients converge based on CMA, the updating rules can be expressed as (11) where
jc,im (n)] T denotes the tap coefficient vector of the equalizer at the n-th moment, K and T represents the vector length (tap number) and the transpose operation respectively. u is the step size of the updating process. The error signal of the adaptive equalization can be expressed as
where P ref represents the normalized reference power and || denotes the modular operation.
T is the input signal vector of the updated process. After a period of time, the weight vectors of the NM FIR filters reach convergence state, and the output of each FIR filter can be regarded as the optimal recovery signal under CMA criterion, thus achieving the purpose of reduce inter-channel interference.
It is obvious to see that the key to implement updating process is to work outŝ jc (n) based on the measurement of interference. Suppose that the distance between T x i and Rx i is d TR and the distance of adjacent transmitters or receivers is d. Thus the distance from T x i to Rx i can be obtained by
.., N ). According to the interference measurement in Section III,ŝ jc (n) can be expressed aŝ
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V. NUMERICAL SIMULATION RESULTS
In this section, to make the proposed interference mitigation scheme more clear, we let N = M = 2, i. As shown in Fig. 5 and Fig. 6 , the horizontal axis represents the lateral interval between Rx 1 and Rx 2 , and the vertical axis represents the BER at channel l 11 and l 22 respectively when the signal-to-noise ratio (SNR) is 5dB. It's clear that the BER performance of our proposed optimal mode selection scheme, i.e. {1, 2}{3, 4}, is better than the other two schemes. Besides, the BER performance difference of these three schemes is not very large when d tends to 1. Thus the advantages of the optimal mode selection scheme is not very obvious in the case of larger d. diagrams shows that CMA-MIMO equalization technology can effectively improve the performance of OAM-MIMO communication system. Fig. 8 shows the BER performance of channel l 11 = +1 and l 22 = +4 with and without CMA-MIMO equalization mitigation scheme against d. Here the distance of adjacent receivers d varying from 0.1m to 1m represents the lateral displacement extent from weak to strong. It is observed that two colors representing two OAM modes l 11 = +1 and l 22 = +4. The solid lines shows the BER performance with CMA-MIMO equalization, while the dotted lines without CMA-MIMO equalization. The results show that the BER performance of channel l 11 = +1 and l 22 = +4 with CMA-MIMO equalization is much better than without CMA-MIMO equalization.
B. INTER-CHANNEL INTERFERENCE MITIGATION EFFECT BY CMA-MIMO EQUALIZATION

C. INTER-CHANNEL INTERFERENCE MITIGATION EFFECT BY BOTH OPTIMAL MODE SELECTION STRATEGY AND CMA-MIMO EQUALIZATION
Finally, we demonstrate the inter-channel interference mitigation effect by utilizing both optimal mode selection strategy and CMA-MIMO equalization. Fig. 9 and Fig. 10 show the BER performance of channel l 11 and l 22 with both optimal modes selection and CMA-MIMO equalization. Here, optimal mode selection strategy corresponds to l 11 = +1, l 12 = +2, l 21 = +3 and l 22 = +4. The results show that the BER performance of OAM-MIMO communication links has been greatly improved by using both optimal modes selection strategy and CMA-MIMO equalization. The BER performance is better than those results utilizing optimal modes selection or CMA-MIMO equalization individually. We can draw that compared with the state-of-the-art equalization only approaches our proposed scheme performs better to eliminate the inter-channel interference of OAM-MIMO communication. 
VI. CONCLUSION
In this paper, we have estimated the inter-channel interference caused by the mode migration for the partial reception of OAM beams from the other transmitters. Moreover, we proposed an inter-channel interference mitigation scheme based on optimal modes selection strategy and CMA-MIMO equalization for OAM-MIMO communication system. The numerical results has confirmed our point that applying the combination of these two methods to OAM-MIMO communication system can significantly reduce the inter-channel interference and improve the system performance. In the future work, we will further evaluate the advantages and disadvantages of this scheme in different cases. FA JIANG is currently pursuing the M.Sc. degree with the Nanjing University of Posts and Telecommunications, China. His research interests include millimeter-wave wireless communications and device-to-device communications.
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